Hamster trachea epithelial (HTE) cells were employed as a model system for Mycoplasma pneumoniae pathogenesis. To more closely mimic natural infection, M. pneumoniae was forced to rely upon host cells (as opposed to the growth medium) for nutrients, and infections were initiated with relatively low mycoplasma doses and monitored for extended time periods. A time-and dose-dependent decline in the viability of infected cells was observed; however, viability never declined below 50% of that in uninfected controls. Mycoplasma pneumoniae is a pathogen of the human respiratory tract and the principal cause of atypical pneumonia in children and young adults (14, 16). The clinical manifestations of infection by M. pneumoniae vary from an asymptomatic condition, to tracheobronchitis, to pneumonia. The specific attachment of M. pneumoniae to neuraminidase-sensitive sites on the host cells is a prerequisite to colonization (27, 38, 40) . Specific M. pneumoniae adhesins (4, 5, 15, 30, 33, 35, 36) , in conjunction with additional accessory proteins (26-28, 37), mediate adherence of M. pneumoniae to the tracheal epithelium. While the mechanism of cytadsorption is slowly being elucidated, subsequent events leading to tissue injury and disease in the respiratory tract continue to be poorly understood.
experimental system should facilitate the elucidation of the mechanism(s) responsible for host cell injury, and perhaps reveal how host cells respond to infection.
Mycoplasma pneumoniae is a pathogen of the human respiratory tract and the principal cause of atypical pneumonia in children and young adults (14, 16) . The clinical manifestations of infection by M. pneumoniae vary from an asymptomatic condition, to tracheobronchitis, to pneumonia. The specific attachment of M. pneumoniae to neuraminidase-sensitive sites on the host cells is a prerequisite to colonization (27, 38, 40) . Specific M. pneumoniae adhesins (4, 5, 15, 30, 33, 35, 36) , in conjunction with additional accessory proteins (26) (27) (28) 37) , mediate adherence of M. pneumoniae to the tracheal epithelium. While the mechanism of cytadsorption is slowly being elucidated, subsequent events leading to tissue injury and disease in the respiratory tract continue to be poorly understood.
The consequences of M. pneumoniae infection have been studied in vitro, primarily in tracheal organ culture, and include a gradual loss of ciliary activity, nuclear swelling, cytoplasmic vacuolization, and the eventual exfoliation of ciliated cells (7) . These cytopathological changes are accompanied by metabolic abnormalities in host cells, including decreases in intracellular ATP levels (21) , nucleotide content (44) , carbohydrate utilization, amino acid transport, macromolecular syntheses (32, 33) , and oxidative metabolism (17, 20) .
There appear to be at least three possible factors that contribute to host cell dysfunction during M. pneumoniae infection. The production of hydrogen peroxide (11) and superoxide (39) by M. pneumoniae could result in peroxidative damage to the host cells, a scenario that is supported by results of studies by Almagor et al. (1) (2) (3) . On the other hand, host cell membrane perturbation could be induced by mycoplasma membrane components, as reported originally by Gabridge et al. (19) . More recently Chandler and Barile (8) have described a mycoplasma extract with toxic activity. Finally, M. pneumoniae could parasitize epithelial host cells to satisfy nutrient requirements. However, the extent to which each of these may contribute to host cell injury during natural infections remains unclear.
In the study described here, we employed hamster trachea epithelial (HTE) cells (24) to investigate further the biochemical aspects of host cell injury during M. pneumoniae infection. Two features incorporated into this study included the use of a culture medium that was nonpermissive for mycoplasma growth and the infection of host cells with relatively low numbers of mycoplasmas for extended periods. Under these conditions we attempted to extend previous studies with the organ culture model and more closely mimic natural M. pneumoniae infections, with the ultimate goal of evaluating the roles of peroxidative damage, membrane toxicity, and parasitism in host cell dysfunction in the respiratory epithelium.
MATERIALS AND METHODS
Organisms and culture conditions. Passage 18 of M. pneumoniae M129, for which the virulence has been established clearly (37) , was used in this study. Monolayer cultures of M. pneumoniae were grown at 37°C in 75-cm2 tissue culture flasks containing 25 ml of Hayflick medium (29) for 48 h, at which point the organisms were growing logarithmically. Following one wash with phosphate-buffered saline (PBS; pH 7.2), the mycoplasmas were harvested in fresh Hayflick medium, and this suspension was passed through a 25-gauge needle eight times to disaggregate the bacteria. Large aggregates that still remained were removed by passing the were determined on PPLO agar plates, as described elsewhere (38) .
HTE cell culture. HTE cells were isolated and cultured by the method described by Goldman and Baseman (24) . HTE cells were initially isolated and cultured in F12 medium supplemented with 10% fetal bovine serum (FBS; Sigma Chemical Co., St. Louis, Mo.); after the first passage, HTE cells were subsequently maintained and passaged in minimal essential medium (MEM; Earles salts with L-glutamine and sodium bicarbonate; Sigma) supplemented with'10% FBS. Cells were incubated at 37°C in a humidified atmosphere of 95% air-5% CO2 and used between passages 4 and 10. The HTE cells ultimately cultured from hamster tracheas and used in this study were morphologically homogeneous, having a characteristic epithelioid appearance. In particular, no fibroblasts were observed in the cell cultures. The HTE cells maintained their characteristic morphology through approximately passage 10, after which a significant number of cells began to appear enlarged as they lost their capacity to divide. HTE cells were routinely tested for mycoplasma contamination by the method described by Chen (9) . (Millipore Corp., Bedford, Mass.). Large-molecular-weight nucleic acids were precipitated by sequential treatment with 2 ml of 10% trichloroacetic acid (TCA), 2 ml of 5% TCA, and 2 ml of 95% ethanol. The filters were then air dried and transferred to scintillation vials. Ecoscint (5 ml; National Diagnostics, Highland Park, N.J.) was added to each vial, and radioactivity was measured by using a liquid scintillation counter (model LS3801; Beckman Instruments, Inc., Fullerton, Calif.). Background controls included 1 ,ug of actinomycin D (Sigma) per sample at the beginning of the pulse and chase incubation to inhibit both host cell and mycoplasma RNA synthesis, resulting in a greater than 90% reduction in TCA-precipitable radioactivity. All samples were tested in triplicate.
Host cell protein synthesis was assessed basically by the method described by Hu et al. (31) . HTE cells were seeded in 24-well microtiter plates containing 12-mm sterile cover slips and infected with M. pneumoniae as described above. At the indicated time points, the cultures on the cover slips were incubated in 1 ml of fresh MEM containing erythromycin (80 ,ug/ml; Sigma) for 1 h at 37°C in 5% CO2 to selectively inhibit mycoplasma protein synthesis, after which the 14C-labeled amino acid mixture (1.81 mCi/mg; ICN Radiochemicals) was added to a final concentration of 1 ,uCi per well. Following a 3-h incubation at 37°C in 5% C02, the labeling medium was replaced with 1 ml of fresh MEM-10% FBS-erythromycin (80 p.g/ml), and the incubation was continued for an additional hour. This medium was then removed; the wells were washed once with PBS; and the cover slips were treated sequentially with 10% TCA at 4°C for 20 min, 5% TCA at 4°C for 10 min, and 95% ethanol at room temperature (36) . The cover slips were air dried, and radioactivity was measured as described above. Assays were carried out in triplicate. Background radioactivity, which was assessed at each time point by using samples containing no host cells, only mycoplasmas, was generally less than 1.0% of that in uninfected controls.
[3H]thymidine incorporation by M. pneumoniae under permissive and nonpermissive conditions. M. pneumoniae DNA replication was assessed under different culture conditions as follows. At 48 h, cultures of M. pneumoniae were harvested in Hayflick medium, seeded in 96-well microtiter plates at 1.5 x 109 CFU per well, and incubated in 95% air-5% CO2 at 37°C. At 48 h, the old medium was removed and replaced with 225 IL of fresh Hayflick medium, MEM-10% FBS-11% Hayflick medium, or MEM-10% FBS only.
[3H]thymidine (52 Ci/mmol; Amersham Corp., Arlington Heights, Ill.) was added to each well at a final concentration of 1 ,uCi per well. At selected intervals each sample was washed once with 200 ,ul of PBS and collected in 80 ,ul of PBS on cotton swabs. The cotton swabs were air dried and then treated sequentially with cold 10% TCA, 5% TCA, and 95% ethanol; air dried; transferred to scintillation vials containing 3 ml of Ecoscint scintillation fluid; and analyzed for radioactivity. All samples were tested in triplicate.
Viability of M. pneumoniae cultured in nonpermissive medium in the presence or absence of host cells. HTE cells (or controls with medium only) were seeded in 24-well microtiter plates and infected with M. pneumoniae as described above. After incubation in 5% CO2 at 37°C for 2 h, the old medium was removed and replaced with 1.1 ml of fresh MEM-10% FBS. At selected intervals the growth medium was removed from each well and transferred to separate culture tubes, the cell monolayers were trypsinized briefly, and the cell suspensions were transferred to their respective tubes containing growth medium. These were then diluted Fig. 2 and 3 . For the sake of direct comparison, the viability of the HTE cells by trypan blue dye exclusion was monitored simultaneously. As was shown in Fig. 1 uninfected controls was consistently observed (Fig. 2A ). By day 7 the level of protein synthesis had begun to decline; but even with the 20% decrease in viability of infected cells at this point, the amount of protein synthesis in infected and control cells was comparable. At a high mycoplasma dose the distinction between a rise in protein synthesis accompanying a drop in viability-was even more dramatic. By day 1 postinfection both viability and protein synthesis dropped by approximately 30%. Over the next 6 days viability continued to drop while protein synthesis actually increased relative to that in uninfected controls.
The HTE cell response in protein synthesis to mycoplasma infection was unexpected, in view of previous studies by Hu et al. (31) , for example, who described a steady decline in protein and RNA synthesis in M. pneumoniaeinfected tracheal rings. Their infections were carried out in Hayflick medium, a culture medium that is permissive for (Fig. 3A) . As with the protein synthesis data presented above, a dramatic difference between RNA synthesis and viability was observed with a higher mycoplasma dose (MOI, 2,000), as RNA synthesis increased well above control levels for the first 4 days postinfection, even as viability declined.
In permissive medium the pattern for RNA synthesis paralleled that for protein synthesis (Fig. 3B and 2B, 
DISCUSSION
There are three characteristics of M. pneumoniae disease that we sought to address in the development of the experimental model described here. First, M. pneumoniae is a strict parasite that is unable to synthesize de novo all the nutrients it requires for growth. In the course of a natural infection, the mycoplasmas must acquire those nutrients from the poorly defined microenvironment immediately surrounding the respiratory epithelium. The prerequisite of cytadsorption for successful colonization may thus reflect a requirement for both a means to resist ciliary clearance and a means to maintain an intimate relationship with host cells to acquire those nutrients. Therefore, a major goal of our study was to examine the mycoplasma-host cell interaction in a culture medium that creates the same necessity for nutrient acquisition from host cells in vitro that presumably occurs in vivo. VOL. 56, 1988 on August 27, 2017 by guest http://iai.asm.org/
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Second, the tracheobronchitis and pneumonia resulting from M. pneumoniae infections are characteristically chronic, often persisting for several weeks (10) . The hamster has been a popular model for the study of host-parasite interactions with M. pneumoniae, as the disease in the experimental model seems to parallel that in humans. In the pioneering studies of Dajani et al. (13) , it was shown that infections can be initiated with as little as 10 CFU; and the organisms multiply and persist in the respiratory tract, including the lungs and trachea, for as long as 10 weeks postinfection, with both onset and resolution of symptoms protracted in nature. The ciliary dysfunction and exfoliation of the tracheal epithelium that occurs with infection of hamster tracheal tissue in organ culture (7) also seems to mimic the natural infection in humans, in which sputum samples contain epithelial cells infected with adherent mycoplasmas (12); and ciliary clearance capabilities may remain depressed for several weeks after other symptoms have subsided (6) . Most M. pneumoniae infections are probably initiated with a low inoculum delivered by an aerosol route, and colonization of the respiratory tract and the accompanying development of disease is a gradual process. Our second objective, therefore, was to evaluate M. pneumoniae cytotoxicity for respiratory epithelium using relatively low doses of mycoplasmas and monitoring the infections over what might be considered extended periods for a cell culture model (up to 10 days). In this way we hoped to avoid possibly inappropriate consequences of infection by overwhelming the cells with large doses of mycoplasmas. Furthermore, under these experimental conditions we hoped to be able to distinguish among potential sources of host cell dysfunction: mycoplasma parasitism, putative toxic membrane components, and peroxidative damage resulting from constant exposure to M. pneumoniae-generated superoxide and hydrogen peroxide.
Finally, as the hamster and particularly the hamster trachea have proven useful models for the study of M. pneumoniae disease (13) , the third goal of our study was to use a host cell that provides a logical extension of the hamster trachea model while allowing greater flexibility for biochemical analysis. HTE cells fit these criteria.
HTE cells exhibited a dose-and time-dependent sensitivity to M. pneumoniae infection that peaked under our experimental conditions with approximately a 50% reduction in viability. That viability did not continue to decline with the high-dose infections was somewhat surprising, although it was possible to achieve higher levels of killing with HTE cells if (i) a more permissive growth medium was used ( Fig.  2B and 3B) (ii) or overwhelming numbers of mycoplasmas were added (data not shown). When it is considered that HTE cells are nontransformed and exhibit cell-cell contact inhibition of growth once confluency is established, our results may reflect the findings of Upchurch and Gabridge (43) that the level of metabolism of the host cells can have a profound effect on sensitivity to M. pneumoniae cytotoxicity.
Perhaps the most intriguing observation from this study was the HTE cell response in macromolecular synthesis during M. pneumoniae infection. Macromolecular synthesis was altered in HTE cells as a result of infection with M. pneumoniae. These alterations were not identical to those originally described by Hu et al. (31) , however, who reported a steady decline in both RNA and protein synthesis. While this outcome could be reproduced when HTE cells were infected with high doses of mycoplasmas in a medium permissive for M. pneumoniae growth (Fig. 2B and 3B) , with lower doses of mycoplasmas, or in a nonpermissive medium, levels of RNA and protein syntheses actually increased over levels in uninfected controls, even as cell viability declined. These changes in TCA-precipitable radioactivity could result from differences in the rates of RNA and protein turnover. Under their experimental conditions, however, Hu et al. (31) observed no difference in turnover rates in infected and uninfected hamster tracheal rings. On the other hand, changes in the amino acid pools, nucleotide pools, or both could effect the differences observed in our studies, which is an interesting possibility in view of the mycoplasma requirement for purines and pyrimidines. Finally, the observed increases in protein and RNA synthesis may represent a specific response in these cells to M. pneumoniae infection. For example, the production of a mucin-like glycoprotein by HTE cells was described by Goldman and Baseman (25) , and Gabridge (18) (Fig. 2 and 3 ). Gabridge and Stahl (23) have suggested that the use of a permissive growth medium may permit both host-associated and free-living M. pneumoniae to contribute to host cell injury, a situation one would not expect to find in a natural infection in which (i) sufficient nutrients to support mycoplasma growth would presumably be found only in the microenvironment immediately surrounding and including the respiratory epithelium, and (ii) nonadherent mycoplasmas might be rapidly removed by mucociliary activity. One would predict that if the interpretation of Gabridge and Stahl (23) is correct, nonadhering variants of M. pneumoniae (37) might cause host cell injury during infection under permissive but not nonpermissive conditions. Experiments are currently under way in our laboratory to test the requirement for adherence in this experimental model.
To summarize, a model system has been described in which host epithelial cells derived from tracheal tissue were infected with M. pneumoniae at relatively low doses (MOIs, when organisms were inoculated, were from 25 to 2,500, but the actual numbers remaining ranged from 1 to 100) and in a culture medium that did not support M. pneumoniae growth in the absence of host cells. Under these conditions, which were chosen to more closely mimic presumed conditions in a natural infection, time-and dose-dependent declines in host cell viability, accompained by transient, dose-dependent rises in macromolecular synthesis, were observed. Using this model, we can extend the time course for pathological changes in the host, perhaps permitting definition of the roles of oxygen radical and hydrogen peroxide generation, possibly toxic membrane-associated components, or host cell parasitism, in host cell dysfunction in M. pneumoniae-infected tracheal epithelium.
